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Quantum scrambling measured by out-of-time-ordered correlator (OTOC) has an important
role in understanding the physics of black holes and evaluating quantum chaos. It is known
that Rydberg atom has been a general interest due to its extremely favourable properties
for building a quantum simulator. Fast and efficient quantum simulators can be developed
by studying quantum scrambling in related systems. Here we present a general quantum
circuit to theoretically implement an interferometric protocol which is a technique proposed
to measure OTOC functions. We apply this circuit to measure OTOC and hence the quan-
tum scrambling in a simulation of a 1-D Ising spin model for Rydberg atom. We apply this
method to both initial product and entangled states to compare the scrambling of quantum
information in both cases. Finally we discuss other constructions where this technique can
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1 Introduction
Measuring the magnitude of quantum chaos is an important fundamental problem which has sev-
eral applications 1–3. It is well known that certain quantum mechanical systems are dynamically
equivalent to black holes in quantum gravity 4–6 which are important theoretical objects studied by
physicists 7, 8. Quantum chaos also has important implications in the fields of quantum information
processing and many body quantum systems 9–11. The scrambling of quantum information has
been identified as a good diagnostic tool to measure the magnitude of chaos in a system. Scram-
bling 12, 13 is a process where a local perturbation spreads over the degrees of freedom of a quantum
many body system.
Scrambling implies the delocalization of quantum information and once a system has reached
a scrambled state, it is impossible to learn about initial perturbations by performing any measure-
ment on the final state. Initially commuting operators grow under time evolution to have large com-
mutators with each other and other operators. Scrambling time refers to the time when the state
of the system becomes scrambled. This is a quantum mechanical interpretation of the butterfly
effect 14. An object known as the out-of-time-ordered correlator (OTOC) 15–17 has been proposed
to measure the scrambling time. In this work, we present a general theoretical protocol to mea-
sure the decay of the OTOC and subsequently measure the scrambling of information in an Ising
2
spin model simulated for Rydberg atoms. While this protocol has been attempted experimentally,
it has been performed under certain assumptions. We present a general method to simulate this
protocol theoretically which could lead to further probing in the field. It can be applied on strongly
correlated quantum many body systems, which have been difficult to study experimentally 18. We
attempt to test the protocol by using the IBM quantum processor, ‘ibmqx4’ by simulating two spin
Ising model for Rydberg atoms 19–21. The IBM Quantum Experience allows the quantum com-
puting community to access multiple quantum processors and a large number of experiments have
been done using their platform 22–40. As Ising spin model is a two spin level model it is conducive
to study through quantum computation techniques by using qubits.
The scrambling time is measured through the decay of the out-of-time-ordered correlation
(OTOC) function.
F (t) =
〈
W †t V
†WtV
〉
(1)
where, V and W are unitary operators which commute at time t = 0. Wt and U(t) are
the Heisenberg and time evolution operators defined as, Wt = U(−t)WU(t)) and U(t) = e−iHt
respectively. Here, H represents the time-independent dynamic Hamiltonian of the system. F(t)
enables us to measure the time when initially commuting operators, V and W, fail to commute.
The relation between the OTOC function and the unitary operators is expressed in the following
relation.
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〈∣∣[Wt, V ]∣∣2〉 = 2(1−Re[F ]) (2)
Let’s consider a system with N spins. For the system to reach a scrambled state, the infor-
mation in one spin must spread to all the spins 41. The smallest perturbation in the system involves
at least two spins. If unitary operations were to be performed on any two spins at a regular time
interval δt, the scrambling time will be
t∗ = δt log2N (3)
〈∣∣[Wt, V ]∣∣2〉 has an order of magnitude of unity at timescales around the scrambling time. Hence
Re[F] is an appropriate quantity for assessing scrambling.
2 Results
Interferometric Protocol: It has been shown that F(t) can be measured via many-body interfer-
ometry 35, 42–45. The interferometric protocol has been discussed by Swingle et al. 41, 46. It lays
out a method to measure the OTOC function. However in the experimental realizations of this
protocol, some assumptions have always been made owing to the extreme challenges of the ex-
perimental setup. The interferometric protocol involves backward and forward evolution in time
under an identical Hamiltonian. Realizing this in practice without dissipative effects is a difficult
challenge. We present a quantum circuit to theoretically simulate this protocol. As we are consid-
ering a simulation, this avoids the inherent experimental challenges 41 and allows us to measure
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the OTOC function without considering the dissipative effects. The interferometric protocol has
been described by Swingle et.al. Here we present a generic quantum circuit to implement it 41, 46.
Consider a n-qubit quantum system initially in the state (|ψ〉s) and a control qubit (|ψc〉) ini-
tially in the state |0〉. By using the control qubit, we can easily prepare multiple branches for the
system by applying appropriate controlled operations. We apply a Hadamard gate to transform the
control qubit into the state |0〉+|1〉√
2
. Then we prepare a final state where one branch undergoes the
operation VWt and the other branch undergoes the operation WtV . The OTOC function F(t), mea-
sures the overlap between these two states. This is achieved by preparing the following resultant
state,
|ψf〉 = (VWt|ψ〉s)|0〉c + (WtV |ψ〉s)|1〉c√
2
(4)
The control qubit is then measured in the X-basis and the expectation value of the control qubit,〈
X
〉
is equal to Re[F]. This can be obtained via the generic quantum circuit as depicted in Fig. 1.
|ψs〉 V U(t) W U(-t) V
|ψc〉 X X ↗
Figure 1: Circuit implementing the general interferometric protocol. Here |ψs〉 and |ψc〉 repre-
sent the states of the system and the control qubit respectively. V and W are the initially commuting
unitary operators. U(t) is the time-evolution operator. Controlled-V, W and U(t) are decomposed
into a product of single qubit and CNOT gates to design the quantum circuit in the IBM quantum
processor, ibmqx4. The measurement of the control qubit is performed in the X-basis.
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Coupling of neutral atoms to highly excited Rydberg states has been shown to be a promis-
ing way to simulate the Ising spin model 19, 21, 47–49. Consider a driving resonant laser with Rabi
frequency Ω that couples atoms in a ground state |gi〉 to a highly excited Rydberg state |ri〉. The re-
sultant Rydberg atom pairs face strong, repulsive van der Waals interactions of the type Vij = CRij ,
where Rij is the distance between Rydberg atom pairs (i, j) and C > 0. The general Hamiltonian
for an Ising spin model for Rydberg atoms 19 can be represented by
H = ~Ω
∑
i
σˆx
i +
∑
i<j
Vijnˆinˆj, (5)
where ~ is the reduced Planck’s constant, σˆxi is the Pauli-X operator acting on the ith spin and nˆ is
Rydberg atom number. The total spin operator is given as
SZ =
∑
i
σˆz
i (6)
where σˆzi is the Pauli-Z operator acting on the ith spin. The unitary operators V and W are chosen
such that they commute at time t = 0 and satisfy the required conditions for the application of the
interferometric protocol. V and W are defined to be, V = W = e−iφSZ , where φ = pi/4. The
time-evolution operator U(t) and the commuting operators V and W are decomposed into unitary
gates which can be directly applied on qubits. Without loss of generality, we can assume |0〉 and
|1〉 to represent the ground state and the excited state of the Rydberg atom respectively. This allows
us to perform the simulation using a quantum computer. We consider two different initial states to
illustrate the power of this technique. For the first set of data, we consider an initial state where both
the qubits are in the ground state, i.e., |ψs〉 = |00〉. In this case, the interactions between the qubits
develop as a result of the dynamics of the system and are expressed through the time evolution
operator U(t). For the second set of data, we consider an initial state where the qubits are in an
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entangled state. The qubits form Rydberg atom pairs under the condition of Rydberg blockades
50–54 which implies that both the qubits cannot be simultaneously excited to Rydberg states. This is
done by first preparing both the qubits in |00〉 state. Then a Pauli-X gate and a Hadamard gate are
applied on the first and second qubit respectively. A CNOT gate is applied taking the second qubit
as the control qubit and the first qubit as the target qubit. After the operation of the above gates,
the resultant state is found to be, |ψs〉 = |01〉+|10〉√2 . Now we can easily see that both of the qubits are
not in the excited state simultaneously which confirms that they act as a Rydberg blockade. Owing
to the entanglement of the system, we expect to have different results from the first case. The
interaction in this system is not solely due to time evolution but is also present due to entanglement
correlations. To showcase the general technique as described above, we simulate the above model
using IBM quantum experience platform.
Observations:
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Figure 2: out-of-time-ordered correlator (OTOC) function behaviour (Simulation Result) :
(a) OTOC (Re[F]) as a function of time for a two spin (N = 2) Ising model Rydberg atom when
the initial state is |ψs〉 = |00〉. It is clearly seen that the initial state of both the Rydberg atoms
is in the ground state. The graph is obtained by simulating the quantum circuit on the ‘ibmqx4’
quantum processor. It is to be noted that the data has not been taken on the real quantum computer
and hence dissipation and noise can be ignored. As we can observe, the OTOC after an initial
rise decays from V12t = 1 to V12t = 3. After this point of time, it undergoes oscillations of large
magnitude. The OTOC seems to follow a periodic pattern. From the graph, it is observed that
quantum information travels periodically from one end of the system to the other. It does not reach
an equilibrium value for the time period of the experiment (V12t = 0 to V12t = 8). (b) OTOC (Re[F])
as a function of time for a two spin (N = 2) Ising model for Rydberg atom when the initial state is
|ψs〉 = |01〉+|10〉√2 . It is clearly seen that the qubits form Rydberg atom pairs and exist in an entangled
state. The graph is plotted after simulating on the ‘ibmqx4’ quantum processor. As we can notice,
the OTOC does not follow any regular pattern. In this case quantum information travels from one
end of the system to the other as well. As a whole, the magnitude of the OTOC is much lesser than
the case when the initial state is a product state (Case (a)) which can have important implications
in the future.
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Figure 3: out-of-time-ordered correlator (OTOC) function behaviour (Experimental Result):
(a) OTOC (Re[F]) as a function of time for a two spin (N = 2) Ising model Rydberg atom when
the initial state is |ψs〉 = |00〉. It is observed that the initial state of both the Rydberg atoms is
the ground state. The graph is obtained by running the quantum circuit on the ‘ibmqx4’ quantum
processor, i.e. the results are collected after performing the experiment on the real quantum chip.
In this case, the effects of dissipation and noise can not be ignored and are clearly visible. It can be
observed, the OTOC does not follow a regular pattern. It does not reach an equilibrium value for
the time period of the experiment (V12t = 0 to V12t = 8). (b) OTOC (Re[F]) as a function of time
for a two spin (N = 2) Ising model for Rydberg atom when the initial state is |ψs〉 = |01〉+|10〉√2 . It
is clearly seen that the qubits form Rydberg atom pairs and exist in an entangled state. The graph
is obtained by running the quantum circuit on the ‘ibmqx4’ quantum processor, i.e. the results are
compiled after execution of the quantum circuit on the real quantum chip. As we can notice, the
OTOC does not follow any regular pattern. In the graph, quantum information travels from one end
of the system to the other. As a whole, the magnitude of the OTOC is larger than the case when
the initial state is a product state. This is in direct contrast to the simulation results. From these
results it is evident that environmental noise and dissipation greatly affect OTOC measurements.9
3 Discussion
These results shed light on scrambling of quantum information in the chosen system. The results
have been collected through simulation on the ‘ibmqx4’ quantum processor. two system qubits and
one control qubit have been used. In Fig. 2 (a), the initial state was taken as |00〉 and the qubits were
not entangled. So the chosen system represents the simplest case of the chosen model where both
the qubits are in the ground state. It has been recently observed that the OTOC decays quickly in
large many-body systems 41. In our case, despite having a relatively smaller system, a considerable
decay in the OTOC is observed. In Fig. 2 (b), the initial state is taken as |01〉+|10〉√
2
which is an
entangled state. It is observed that, the magnitude of the OTOC is considerably smaller than the
magnitude observed in Fig. 2 (a). However in this case, no pattern in the OTOC is recognized. The
decay is also not well defined. In Fig. 3, it is difficult to draw conclusions due to the prevalence
of environmental noise. To combat this challenge, a renormalization procedure has been proposed
by Swingle and Halpern 46. The renormalization procedure allows scrambling measurements to be
resilient to environmental noise. This procedure can be easily extended to measure scrambling of
quantum information in much larger systems with varying degrees of interaction 55. Modifying the
circuit for larger qubit systems, although non-trivial, can be done by appropriately simulating the
Hamiltonian and operators while keeping in mind the universality of quantum gates.
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4 Outlook
As more sophisticated and larger quantum processors are developed, it will be possible to use
this technique to measure more complicated systems 41, 55. We feel that important fundamental
breakthroughs can be made in the field of quantum chaos 3, 56 by simulating classically chaotic
models using techniques similar to the one presented in this paper. Also further probing might
reveal important links between faster computation and quantum scrambling and the dissemination
of quantum information 57. Developing a quantum system with interactions similar to those in
a black hole is an ongoing challenge. If such a strongly correlated, quantum mechanical model
was to be developed, we can measure the scrambling of information which can lead to verification
of the fast scrambling hypothesis 13, 58. Links between the hiding of quantum information and
quantum chaos can also be elucidated 12.
5 Methods
Quantum Circuit for simulating operators V and W The unitary operator V is defined as,
V = e−i
pi
4
SZ (7)
where SZ is calculated as,
SZ = σˆz
1 ⊗ I + I ⊗ σˆz2 (8)
V may be decomposed into a product of two-level unitary matrices, which act non-trivially
on vectors in the orthonormal basis. Now our immediate goal is to construct a circuit implementing
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V. This circuit can be built using only single qubit and CNOT gates owing to the universality of
quantum computation. To achieve this, we construct a Gray code sequence which links the two-
level unitary matrices to ultimately implement V. A Gray code is a sequence of binary numbers
which links an initial state to a final state such that any two neighbouring numbers differ only in
a single bit. With the help of Gray codes we rotate a multi-qubit system into a state where the
corresponding non-trivial, single qubit unitary transformation can be applied directly 59, 60.
|0〉 X X U1(pi/4) U1(-pi/4) X X
|0〉 ↗
Figure 4: Here U1 is a physical gate provided by IBM quantum experience which represents a
general rotation on the Bloch sphere and has one controllable parameter. This is the circuit of the
unitary operator V after being decomposed into a product of two level unitary matrices. The circuit
is designed with the help of CNOT gates and single qubit gates. The CNOT operation means when
the control qubit is 1, then the target qubit is flipped. If the control qubit is 0, then the target qubit
remains unchanged. The control qubit remains unchanged in both the cases.
Simulation of Hamiltonian For simulation of the Hamiltonian we employ a first order Trot-
ter decomposition 59, 61.
e−iHt = e−iH1te−iH2t...e−iHnt +O
(
t2
)
where H1,H2, ...,Hn are Hamiltonians acting on local subsystems involving k-qubits of an n-
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qubit system. The system Hamiltonian is, H = ∑n1 Hk. The Hamiltonian is then decomposed
into a sequence of unitary transformations which can be implemented through any set of universal
quantum gates. In the model we have chosen above, the Hamiltonian is
H = ~Ωσˆx1 + ~Ωσˆx1 + V12σˆz1σˆz2
To implement the Trotter decomposition, we useH = H1 +H2 +H3. Without loss of generality,
we can assume a system of units such that ~Ω = 1 to simplify the calculations.
H1 = σˆx1 ⊗ I
After exponentiation, we finally get
 cos t −ι sin t
−ι sin t cos t
 acting on the first qubit and identity ma-
trix acting on the second. Here t is the time elapsed since the beginning of the experiment. As
the IBM Q Experience is a static system, by taking t as a controllable parameter we are able to
effectively simulate the interferometric protocol. H2 and H3 can be implemented in a similar way
62. For producing the net Hamiltonian, we simply have to multiply e−iH1t, e−iH2t and e−iH3t. The
corresponding circuit is given as follows.
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|0〉 U3(t,3*pi/2,pi/2
|0〉 U3(t,3*pi/2,pi/2) U1(2t)
Figure 5: Here U3 is a physical gate provided by IBM Q experience which represents a general
rotation on the Bloch sphere and has 3 controllable parameters. As the IBM Q experience is
a static system and we needed to study the dynamics of the system, we took the time ‘t’ as a
controllable parameter. The values 3pi
2
and pi
2
come from the appropriate decomposition of the U(t)
transformation into two-level unitary matrices. U1 is also a general physical gate provided by IBM
Q experience and has one controllable parameter. The values of those parameters are also shown
here.
Experimental Architecture The experimental device parameters of ‘ibmqx4’ chip are listed
in Table 1. The readout resonator’s resonance frequency, qubit frequency, anharmonicity, qubit-
cavity coupling strength, relaxation time and coherence time are respectively denoted by ωRi , ωi,
δi, χ, T1 and T2. The connection and control of five superconducting qubits (q[0], q[1], q[2], q[3]
and q[4]) is shown in Fig. 6 (b). The single-qubit and two-qubit controls are provided by the
coplanar wave guide (CPW) resonators. The black and white lines denote the control respectively.
The qubits q[2], q[3], q[4] and q[0], q[1], q[2] are coupled via two superconducting CPWs, with
resonator frequencies of 6.6 GHz and 7.0 GHz respectively. All the qubits are controlled and
read out by different CPWs. The quantum chip, ‘ibmqx4’ is cooled in a dilution refrigerator at
a temperature of 0.021 K. The single-qubit gate error is of the order 10−3. The multi-qubit and
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readout error are of the order 10−2. Randomized benchmarking is used to measure the gate errors.
Figure 6: (a) A schematic diagram of the chip layout of 5-qubit quantum processor ‘ibmqx4’.
The chip is maintained in a dilution refrigerator at temperature 0.021 K. All 5 transmon qubits
are connected with the two coplanar waveguide (CPW) resonators as shown. q[2], q[3], q[4] and
q[0], q[1], q[2] are coupled with the two CPWs with resonance frequencies 6.6 GHz and 7.0 GHz
respectively. Individual qubits in the chip are controlled and readout by particular CPWs. (b) The
CNOTs coupling map is as follows : {q1 → (q[0]), q2 → (q[0], q[1], q[4]), q[3] → (q[2], q[4])},
where i→ (j) means i and j denote the control and the target qubit respectively for implementing
CNOT gate. The errors in gates and readout are of the order 10−2 to 10−3.
Data availability. The data that support the findings of this study are available from the
corresponding author upon reasonable request.
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Qubits ω? (GHz) T ||1 (µs) T
⊥
2 (µs) GE
† RE‡
q[0] 5.24 48.80 14.70 0.86 7.00
q[1] 5.31 49.60 55.00 1.29 5.80
q[2] 5.35 48.00 32.60 1.20 8.60
q[3] 5.41 35.60 23.60 3.78 3.70
q[4] 5.19 55.20 31.90 1.03 5.80
? Frequency, || Relaxation time, ⊥ Coherence time, † Gate Error, ‡ Readout Error
Table 1: Experimental parameters of the device ‘ibmqx4’ are presented.
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6 Supplementary Information: Application of quantum scrambling in Rydberg atom on
IBM quantum computer
For simulating the interferometric protocol, we used QISKit to take both simulation and experi-
mental results. The qasm code for the same is as follows:
1 {
" c e l l s " : [
3 {
" c e l l _ t y p e " : " code " ,
5 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
24
7 " o u t p u t s " : [ ] ,
" s o u r c e " : [
9 " from q i s k i t i m p o r t QuantumProgram \ n " ,
" i m p o r t Qconf ig \ n " ,
11 " i m p o r t q i s k i t a s q i s k i t \ n " ,
" from IBMQuantumExperience i m p o r t IBMQuantumExperience \ n " ,
13 " from math i m p o r t p i \ n "
]
15 } ,
{
17 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
19 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
21 " s o u r c e " : [
" qp = QuantumProgram ( ) \ n " ,
23 " \ n " ,
" # C r e a t i n g R e g i s t e r s \ n " ,
25 " # c r e a t e your f i r s t Quantum R e g i s t e r c a l l e d \ " q r \ " w i th 2 q u b i t s \ n " ,
" q r = qp . c r e a t e _ q u a n t u m _ r e g i s t e r ( ’ q r ’ , 3 ) \ n " ,
27 " # c r e a t e your f i r s t C l a s s i c a l R e g i s t e r c a l l e d \ " c r \ " w i th 2 b i t s \ n " ,
" c r = qp . c r e a t e _ c l a s s i c a l _ r e g i s t e r ( ’ c r ’ , 5 ) \ n " ,
29 " \ n " ,
" # C r e a t i n g C i r c u i t s \ n " ,
31 " # c r e a t e your f i r s t Quantum C i r c u i t c a l l e d \ " qc \ " i n v o l v i n g your Quantum
R e g i s t e r \ " q r \ " \ n " ,
25
" # and your C l a s s i c a l R e g i s t e r \ " c r \ " \ n " ,
33 " qc = qp . c r e a t e _ c i r c u i t ( ’ C i r c u i t ’ , [ q r ] , [ c r ] ) "
]
35 } ,
{
37 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
39 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
41 " s o u r c e " : [
"Q_SPECS = { \ n " ,
43 " ’ c i r c u i t s ’ : [ { \ n " ,
" ’ name ’ : ’ C i r c u i t ’ , \ n " ,
45 " ’ q u a n t u m _ r e g i s t e r s ’ : [ { \ n " ,
" ’ name ’ : ’ q r ’ , \ n " ,
47 " ’ s i z e ’ : 3 \ n " ,
" } ] , \ n " ,
49 " ’ c l a s s i c a l _ r e g i s t e r s ’ : [ { \ n " ,
" ’ name ’ : ’ c r ’ , \ n " ,
51 " ’ s i z e ’ : 5 \ n " ,
" } ] } ] , \ n " ,
53 " } "
]
55 } ,
{
57 " c e l l _ t y p e " : " code " ,
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" e x e c u t i o n _ c o u n t " : n u l l ,
59 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
61 " s o u r c e " : [
" qp = QuantumProgram ( s p e c s =Q_SPECS ) "
63 ]
} ,
65 {
" c e l l _ t y p e " : " code " ,
67 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
69 " o u t p u t s " : [ ] ,
" s o u r c e " : [
71 " # g e t t h e c i r c u i t by Name \ n " ,
" c i r c u i t = qp . g e t _ c i r c u i t ( ’ C i r c u i t ’ ) \ n " ,
73 " \ n " ,
" # g e t t h e Quantum R e g i s t e r by Name \ n " ,
75 " quantum_r = qp . g e t _ q u a n t u m _ r e g i s t e r ( ’ q r ’ ) \ n " ,
" \ n " ,
77 " # g e t t h e C l a s s i c a l R e g i s t e r by Name \ n " ,
" c l a s s i c a l _ r = qp . g e t _ c l a s s i c a l _ r e g i s t e r ( ’ c r ’ ) "
79 ]
} ,
81 {
" c e l l _ t y p e " : " code " ,
83 " e x e c u t i o n _ c o u n t " : n u l l ,
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" m e t a d a t a " : {} ,
85 " o u t p u t s " : [ ] ,
" s o u r c e " : [
87 " \ n " ,
" c i r c u i t . h ( quantum_r [ 0 ] ) \ n " ,
89 " ##################### Comment o u t t h i s b l o c k i f you don ’ t want
I n i t i a l l y e n t a n g l e d s t a t e s #############\ n " ,
" c i r c u i t . h ( quantum_r [ 1 ] ) \ n " ,
91 " c i r c u i t . x ( quantum_r [ 2 ] ) \ n " ,
" c i r c u i t . cx ( quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
93 " ##################### I n t i a l l y e n t a n g l e d S t a t e s
####################\ n " ,
" c i r c u i t . cx ( quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
95 " c i r c u i t . ccx ( quantum_r [ 0 ] , quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
" c i r c u i t . cx ( quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
97 " c i r c u i t . ccx ( quantum_r [ 0 ] , quantum_r [ 2 ] , quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . cu1(− p i / 4 , quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
99 " c i r c u i t . ccx ( quantum_r [ 0 ] , quantum_r [ 2 ] , quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . cu1 ( p i / 4 , quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
101 " c i r c u i t . cx ( quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . ccx ( quantum_r [ 0 ] , quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
103 " c i r c u i t . cx ( quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
" \ n " ,
105 " \ n " ,
" #################################### Time E v o l u t i o n O p e r a t o r
##############################\ n " ,
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107 " c i r c u i t . u3 ( 4 , 3 * p i / 2 , p i / 2 , quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . i d e n ( quantum_r [ 2 ] ) \ n " ,
109 " c i r c u i t . u3 ( 4 , 3 * p i / 2 , p i / 2 , quantum_r [ 2 ] ) \ n " ,
" c i r c u i t . i d e n ( quantum_r [ 1 ] ) \ n " ,
111 " c i r c u i t . cx ( quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
" c i r c u i t . u1 ( 8 , quantum_r [ 2 ] ) \ n " ,
113 " c i r c u i t . cx ( quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
" #################################### End
###############################\ n " ,
115 " \ n " ,
" \ n " ,
117 " c i r c u i t . x ( quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . cx ( quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
119 " c i r c u i t . x ( quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . cx ( quantum_r [ 2 ] , quantum_r [ 1 ] ) \ n " ,
121 " \ n " ,
" c i r c u i t . u1 ( pi , quantum_r [ 1 ] ) \ n " ,
123 " c i r c u i t . cx ( quantum_r [ 2 ] , quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . t ( quantum_r [ 1 ] ) \ n " ,
125 " c i r c u i t . x ( quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . cx ( quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
127 " c i r c u i t . x ( quantum_r [ 1 ] ) \ n " ,
" \ n " ,
129 " \ n " ,
" \ n " ,
131 " #################################### Time E v o l u t i o n O p e r a t o r
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##############################\ n " ,
" c i r c u i t . u3 (−4 ,3* p i / 2 , p i / 2 , quantum_r [ 1 ] ) \ n " ,
133 " c i r c u i t . i d e n ( quantum_r [ 2 ] ) \ n " ,
" c i r c u i t . u3 (−4 ,3* p i / 2 , p i / 2 , quantum_r [ 2 ] ) \ n " ,
135 " c i r c u i t . i d e n ( quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . cx ( quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
137 " c i r c u i t . u1 (−8 , quantum_r [ 2 ] ) \ n " ,
" c i r c u i t . cx ( quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
139 " #################################### End
###############################\ n " ,
" \ n " ,
141 " \ n " ,
" c i r c u i t . x ( quantum_r [ 0 ] ) \ n " ,
143 " c i r c u i t . cx ( quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
" c i r c u i t . ccx ( quantum_r [ 0 ] , quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
145 " c i r c u i t . cx ( quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
" c i r c u i t . ccx ( quantum_r [ 0 ] , quantum_r [ 2 ] , quantum_r [ 1 ] ) \ n " ,
147 " c i r c u i t . cu1(− p i / 4 , quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . ccx ( quantum_r [ 0 ] , quantum_r [ 2 ] , quantum_r [ 1 ] ) \ n " ,
149 " c i r c u i t . cu1 ( p i / 4 , quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
" c i r c u i t . cx ( quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
151 " c i r c u i t . ccx ( quantum_r [ 0 ] , quantum_r [ 1 ] , quantum_r [ 2 ] ) \ n " ,
" c i r c u i t . cx ( quantum_r [ 0 ] , quantum_r [ 1 ] ) \ n " ,
153 " c i r c u i t . x ( quantum_r [ 0 ] ) \ n " ,
" c i r c u i t . h ( quantum_r [ 0 ] ) \ n " ,
155 " c i r c u i t . measure ( quantum_r [ 0 ] , c l a s s i c a l _ r [ 0 ] ) \ n " ,
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" \ n "
157 ]
} ,
159 {
" c e l l _ t y p e " : " code " ,
161 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
163 " o u t p u t s " : [ ] ,
" s o u r c e " : [
165 " qp . g e t _ c i r c u i t _ n a m e s ( ) "
]
167 } ,
{
169 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
171 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
173 " s o u r c e " : [
" QASM_source = qp . ge t_qasm ( ’ C i r c u i t ’ ) \ n " ,
175 " \ n " ,
" p r i n t ( QASM_source ) "
177 ]
} ,
179 {
" c e l l _ t y p e " : " code " ,
181 " e x e c u t i o n _ c o u n t " : n u l l ,
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" m e t a d a t a " : {} ,
183 " o u t p u t s " : [ ] ,
" s o u r c e " : [ ]
185 } ,
{
187 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
189 " m e t a d a t a " : {
" s c r o l l e d " : t r u e
191 } ,
" o u t p u t s " : [ ] ,
193 " s o u r c e " : [ ]
} ,
195 {
" c e l l _ t y p e " : " code " ,
197 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
199 " o u t p u t s " : [ ] ,
" s o u r c e " : [
201 " backend = ’ l o c a l _ q a s m _ s i m u l a t o r ’ \ n " ,
" c i r c u i t s = [ ’ C i r c u i t ’ ] # Group of c i r c u i t s t o e x e c u t e "
203 ]
} ,
205 {
" c e l l _ t y p e " : " code " ,
207 " e x e c u t i o n _ c o u n t " : n u l l ,
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" m e t a d a t a " : {} ,
209 " o u t p u t s " : [ ] ,
" s o u r c e " : [
211 " qob j =qp . compi l e ( c i r c u i t s , backend , s h o t s =8192) # Compile your program "
]
213 } ,
{
215 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
217 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
219 " s o u r c e " : [
" \ n " ,
221 " r e s u l t = qp . run ( qobj , t i m e o u t =240) \ n " ,
" p r i n t ( r e s u l t ) "
223 ]
} ,
225 {
" c e l l _ t y p e " : " code " ,
227 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
229 " o u t p u t s " : [ ] ,
" s o u r c e " : [
231 " r e s u l t . g e t _ c o u n t s ( ’ C i r c u i t ’ ) "
]
233 } ,
33
{235 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
237 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
239 " s o u r c e " : [
" ran_qasm = r e s u l t . ge t_ ran_qasm ( ’ C i r c u i t ’ ) \ n " ,
241 " \ n " ,
" p r i n t ( ran_qasm ) "
243 ]
} ,
245 {
" c e l l _ t y p e " : " code " ,
247 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
249 " o u t p u t s " : [ ] ,
" s o u r c e " : [
251 " \ n " ,
" o u t = qp . e x e c u t e ( c i r c u i t s , backend , t i m e o u t =240) \ n " ,
253 " p r i n t ( o u t ) "
]
255 } ,
{
257 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
259 " m e t a d a t a " : {
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" s c r o l l e d " : f a l s e
261 } ,
" o u t p u t s " : [ ] ,
263 " s o u r c e " : [
" qp . s e t _ a p i ( Qconf ig . APItoken , Qconf ig . c o n f i g [ ’ u r l ’ ] ) # s e t t h e APIToken
and API u r l \ n " ,
265 " r e a l _ d e v i c e _ b a c k e n d = [ backend f o r backend i n qp . o n l i n e _ d e v i c e s ( ) i f qp .
g e t _ b a c k e n d _ c o n f i g u r a t i o n ( backend ) [ ’ n _ q u b i t s ’ ] == 5 and qp .
g e t _ b a c k e n d _ s t a t u s ( backend ) [ ’ a v a i l a b l e ’ ] == True ] \ n " ,
" # f i n d an a p p r o p r i a t e r e a l d e v i c e backend t h a t your APIToken has a c c e s s
t o run t h a t has 5 q u b i t s and i s a v a i l a b l e "
267 ]
} ,
269 {
" c e l l _ t y p e " : " code " ,
271 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
273 " o u t p u t s " : [ ] ,
" s o u r c e " : [
275 " backend = r e a l _ d e v i c e _ b a c k e n d [ 0 ] # Backend where you e x e c u t e your
program ; i n t h i s case , on t h e r e a l Quantum Chip o n l i n e \ n " ,
" \ n " ,
277 " c i r c u i t s = [ ’ C i r c u i t ’ ] # Group of c i r c u i t s t o e x e c u t e \ n " ,
" s h o t s = 8192 # Number o f s h o t s t o run t h e program ( e x p e r i m e n t ) ;
maximum i s 8192 s h o t s . \ n " ,
279 " m a x _ c r e d i t s = 5 # Maximum number o f c r e d i t s t o spend on
35
e x e c u t i o n s . \ n " ,
" \ n " ,
281 " r e s u l t _ r e a l = qp . e x e c u t e ( c i r c u i t s , backend =backend , s h o t s = s h o t s ,
m a x _ c r e d i t s = m a x _ c r e d i t s , t i m e o u t =50) \ n "
]
283 } ,
{
285 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
287 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
289 " s o u r c e " : [
" r e s u l t _ r e a l . g e t _ c o u n t s ( ’ C i r c u i t ’ ) "
291 ]
} ,
293 {
" c e l l _ t y p e " : " code " ,
295 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
297 " o u t p u t s " : [ ] ,
" s o u r c e " : [
299 " backend = r e a l _ d e v i c e _ b a c k e n d [ 0 ] \ n " ,
" backend "
301 ]
} ,
303 {
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" c e l l _ t y p e " : " code " ,
305 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
307 " o u t p u t s " : [ ] ,
" s o u r c e " : [
309 " my_jobs = qp . g e t _ a p i ( ) . g e t _ j o b s ( l i m i t =100) \ n " ,
" d o n e _ j o b s = [ j f o r j i n my_jobs i f j [ ’ s t a t u s ’ ]== ’COMPLETED’ ] \ n " ,
311 " f o r j i n d o n e _ j o b s : \ n " ,
" f o r q i n j [ ’ qasms ’ ] : \ n " ,
313 " p r i n t ( q [ ’ qasm ’ ] ) \ n " ,
" p r i n t ( q [ ’ r e s u l t ’ ] ) \ n " ,
315 " "
]
317 } ,
{
319 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
321 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
323 " s o u r c e " : [ ]
} ,
325 {
" c e l l _ t y p e " : " code " ,
327 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
329 " o u t p u t s " : [ ] ,
37
" s o u r c e " : [ ]
331 } ,
{
333 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
335 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
337 " s o u r c e " : [ ]
} ,
339 {
" c e l l _ t y p e " : " code " ,
341 " e x e c u t i o n _ c o u n t " : n u l l ,
" m e t a d a t a " : {} ,
343 " o u t p u t s " : [ ] ,
" s o u r c e " : [ ]
345 } ,
{
347 " c e l l _ t y p e " : " code " ,
" e x e c u t i o n _ c o u n t " : n u l l ,
349 " m e t a d a t a " : {} ,
" o u t p u t s " : [ ] ,
351 " s o u r c e " : [ ]
}
353 ] ,
" m e t a d a t a " : {
355 " k e r n e l s p e c " : {
38
" d i s p l a y _ n a m e " : " Python 3 " ,
357 " l a n g u a g e " : " py thon " ,
" name " : " py thon3 "
359 } ,
" l a n g u a g e _ i n f o " : {
361 " codemir ro r_mode " : {
" name " : " i p y t h o n " ,
363 " v e r s i o n " : 3
} ,
365 " f i l e _ e x t e n s i o n " : " . py " ,
" mimetype " : " t e x t / x−py thon " ,
367 " name " : " py thon " ,
" n b c o n v e r t _ e x p o r t e r " : " py thon " ,
369 " p y g m e n t s _ l e x e r " : " i p y t h o n 3 " ,
" v e r s i o n " : " 3 . 6 . 4 "
371 }
} ,
373 " n b f o r m a t " : 4 ,
" nb fo rma t_mino r " : 2
375 }
interferometric_protocol.py
39
